ABSTRACT
INTRODUCTION
An ion-beam deceleration lens (Thopan et al., 2012) was designed, constructed and installed inside the big chamber of the 30-kV bioengineering vertical ion-beam line (CMU3) at the Plasma and Beam Physics Research Facility, Chiang Mai University. To confirm that the ion beam is indeed decelerated by the deceleration lens according to the design, the ion-beam energy must be experimentally measured.
Low ion energy (< 1 keV) has been measured with various methods (Miyake et al., 1982; O'Connor et al., 1991; Tesmer et al., 1995; Rajput et al., 2010; ) . For example, the retarding field method (O'Connor et al., 1991) and the repelling plate analyzer (Rajput et al., 2010) used three-ring electrodes placed in front of the detector to measure the function of current drop with voltage given to the electrode. Other methods of measuring ion energy, such as the hemispherical energy analyzer, require more sophisticated instrumentation (O'Connor et al., 1991) . A semiconductor detector cannot be used for direct measurement, as the detector's energy resolution is in the same order as the low ion energy to be measured. Moreover, direct ion bombardment may harm the detector. This study developed a simple, cheaper and reliable method by using a deflecting electrostatic field to bend the ion beam and then calculating the beam energy from the bending distance. This paper describes details of the measurement in both principle and device design. 
THEORY
The basic idea is to use a uniform electrostatic field to deflect the beam, as shown in Figure 1 , where the deflection distance depends on the ion energy. As shown in Figure 1 , d is the distance between electrode plates, b is the length of plates along with the ion's direction, x is the distance between the end of the plates and the detector, y 1 is the ion bending distance in the uniform field, y 2 is the ion bending distance after exiting the field and y 0 (y 0 = y 1 + y 2 ) is the total bending distance.

When an ion passes through an electrostatic field whose direction is perpendicular to the beam travelling direction, the beam will be bent along a quadratic path. After exiting from the end of the electrostatic field, the beam trajectory is in a straight line. If the electrode plates are too small, the electrostatic field may not be uniform and an edge effect may occur. Thus, to reduce the edge effect, the electrode plates must not be too small. The electrostatic force on an ion passing through the field is: ,
where e is the unit charge, assuming that the ion is singly charged and U is the voltage applied to the electrical plates. This force deflects the ion's trajectory and accelerates the ion in the perpendicular direction to a final velocity v h after the ion leaves the field; this does not change the ion velocity v 0 along the incident direction. The total beam bending distance is composed of two parts, one inside and one outside the uniform field.
The first part: an ion passing through an electric field
The first part begins with Newton's second law and eq. (1): , (2) where F is the electrical force on the ion, m is the ion mass and a is the acceleration of the ion in the Y direction (y-axis) perpendicular to the ion incident direction. The time duration of the ion passing the field is:
,
where v 0 is the initial ion velocity. The equation of the ion's trajectory is then: ,
where u oy is the initial velocity in the Y direction, which equals zero. From eq.
(2) and eq. (3), the equation of the ion's trajectory (eq. (4)) becomes: ,
where U is in volts and E 0 is the original ion energy in eV.
The second part: the ion's trajectory and the deflecting distance after passing through the electric field
The force that accelerates the ion in the perpendicular direction to the incident direction is:
.
After the ion exits from the electric field, there is a relationship:
. (7) From eq. (3) and eq. (6), there is another relationship:
. (8) Substituting eq. (1) for F in eq. (8) gives:
. (9) The total deflecting distance y 0 from the center of the primary ion beam before passing the field is the sum of eq. (5) and eq. (9):
The total beam bending distance depends on the electric field voltage U and the original ion energy E 0 as shown in eq. (11):
The measurement error of E 0 can be estimated by the derivative of eq. (11):
SIMULATION SIMION program version 8.0 (Manura et al., 2008) was used to calculate the ion-beam bending distance before constructing the device. With known electrical field conditions, including the number, dimensions and configuration of the electrodes of the field, the program calculated the entire electrical field and then the ion trajectory in the field. The simulations were conducted under four conditions and compared with the experimental results. The ion passes through the deceleration lens and then the entrance to the electrostatic field, as shown in Figure 2 . The simulation parameters were plate dimensions of 30×30 mm 2 ,  a thickness of 2 mm (b = 30 mm), x = 40 mm and d = 20 mm. For example, as shown in Figure 3(a) , in the first simulation, the original ion-beam energy before entering the deceleration lens was 15 keV. After the ions were decelerated, the ion-beam energy was 230 eV (E 0 = 230 eV, as shown in Figure 2 ). The electrostatic field bent the ions with ion-beam energy of 230 eV. The potentials of the electric plates were 50 V and 0 V, (U = 50 V) respectively. The distance of ion bending by the electrostatic field according to theory was 8.9 mm (eq. (10)) and in simulation was 9 mm. In the experiment, we measured the distance of ion-beam bending using eq. (11), and, from the relationship between the distance and the ion energy, we calculated the ion-beam energy. The second, third and fourth simulations are shown in Figures 3 (b) , (c) and (d), respectively. The theory and simulation are compared in Table 1 . MATERIALS AND METHODS The electrode plates were made from aluminum (2 mm thick (b) and 30 mm in both width and length). The gap between the two plates (d) was 20 mm. The plate edges were covered by a Teflon insulator in order to reduce the edge focusing effect due to a non-uniform electric field at the end of plates. The electrode plates were installed under the deceleration lens (Thopan et al., 2012) , which was supported by an acrylic plate of 20 × 20 cm 2 . The deceleration lens system for measuring the ion-beam energy had three parts, as shown in Figure  4 . It was installed inside the big chamber of the 30-kV bioengineering vertical ion-beam line (CMU3). The first part was the deceleration lens with a cover and cables. The second part, under the deceleration lens, was the electrostatic plates. The third part was for detecting the ion-beam current. This part consisted of a copper rod on a base, which could be moved by a stepping motor with a diameter of 1 mm and a length of 40 mm. A stepping motor with a controller and a webcam-camera for displaying the copper rod movement were connected to a computer. A vernier caliper for measuring the position of ion-beam bending and a multi-meter were connected to the copper rod to measure the ion-beam current. The distance between the plates and copper rod was 40 mm (x in Figure 1) .
In the experiment, the ion-beam current as a function of the position was measured by moving the copper rod. Three conditions were applied: (1) no voltage supplied to the deceleration lens and electrode plates, (2) voltage supplied to the deceleration lens, but not to the electrode plates and (3) voltage supplied to both the deceleration lens and electrical plates. Then, data of the ion-beam current depending on the position were plotted in the Excel program to get three beam profiles, from which we could know the bending distance (y 0 ) of the ion beam The bending distance of (a) the first experiment is 8 mm, (b) the second experiment is 8 mm, (c) the third experiment is 10 mm and (d) the fourth experiment is 13 mm. From the bending distance, the ion energy could be calculated as shown in Table 2 below.
 RESULTS AND DISCUSSION The measured ion energy is important for confirming the simulation of the deceleration lens by SIMION program version 8.0. The measured ion energy using an electrostatic field to bend the ion beam was related to the ion bending distance by eq. (11) and the measurement error of the ion energy was related to the measurement error in the bending distance by eq. (12). Results are shown in three parts -theoretical, simulated and experimental -under four conditions (see Table 2 ). The position-dependent, ion-beam currents from the experiment are shown in Figure 5 . From the plotted data, we extracted the ion bending distance and finally obtained the ion-beam energy with error by using eq. (11) and eq. (12). The error was calculated based on the measurement copper rod width of 1 mm, i.e. Δy 0 = 1 mm. As shown in Table 2 , the measured ion energy is in good agreement with both the theoretical and program-simulated results, and the errors of the measured ion energy are around 10%. The ion-energy error could occur due to various reasons. One possibility is that the position of the ion beam was not stable at different times due to the limitation of the ion source. A second possibility is that the deceleration lens was not aligned properly and the lens electrodes were not circular, causing ellipticity and astigmatism. A third possibility may be the limitation of the position measurement resolution, based on the copper rod size. 
± 25.5, ±11.1% ± 6.0, ±10.6% ± 3.7, ±9.5% ± 2.9, ±9.1% |ΔE 0 | (eV), error (%) (Experiment) ± 32.2, ±14% ± 7.7, ±13.6% ± 4.1, ±10.5% ± 2.2, ±6.9% CONCLUSION The ultra-low energy of a decelerated ion beam was measured using a deflecting electrical field that could bend the beam, a method developed in-house. The bending distance of the ion depended on the ion energy and the electric field strength. The measured ion-beam energy was in good agreement with both theoretical and program-simulated results, within a reasonable error of around 10%.
